I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

According to the World Health Organization, a large number of people worldwide die from cardiovascular disorders each year than from any other cause.\[[@ref1][@ref2][@ref3]\] Each year, more than 3.0 million people experience acute ST-elevation myocardial infarction (MI).\[[@ref4]\] Currently, myocardial reperfusion is the first option for treatment to reduce the area impacted by the acute MI and improve prognosis. However, the return of blood flow to the ischemic myocardium can also induce injury;\[[@ref5]\] this is referred to as myocardial ischemia/reperfusion (I/R) injury and associated with poorer functional recovery and adverse outcomes.\[[@ref6]\]

Considerable effort has gone toward finding ways to reduce the degree of injury from reperfusion;\[[@ref7][@ref8]\] however, few effective treatments exist, and further research is needed to seek new approaches.

The sigma-1 receptors (σ1Rs) are a relatively novel receptor group and are a ubiquitously expressed, unique binding site in the central nervous system and other peripheral tissues.\[[@ref9]\] These receptors are currently expected to be a potential target for drugs that treat neurodegenerative disorders, depression, idiopathic pain, and cancer.\[[@ref10]\] Recent studies have suggested that σ1R agonists have potent cardioprotective effects in mice. Intracerebroventricular infusion of the σ1R agonist PRE-084 for 1 month improved both mental and cardiac functioning in mice in which MI was induced.\[[@ref11]\] Some selective serotonin reuptake inhibitors (antidepressant drugs), such as sertraline and fluvoxamine, are potent agonists of σ1R. Fluvoxamine attenuated cardiac hypertrophy and restored contractility in transverse aortic constriction mice after being delivered for a month by stimulating σ1R; co-administration of the σ1R antagonist NE-100 eliminated the cardioprotective effect.\[[@ref12]\] However, these studies assessed σ1R over a relatively long time; whether PRE-084 is effective right after administration (i.e., in acute treatment directly after MI) is unknown.

To date, no studies have been performed regarding the effects of σ1R agonists on myocardial I/R injury. The aim of this study was to explore the mechanism of action and assess the effect of PRE-084 on myocardial I/R injury in rats.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Ethical approval {#sec2-1}
----------------

The experiments were conducted according to the National Institutes of Health Guidelines on the Use of Laboratory Animals and were approved by the Wuhan University Ethics Committee on Animal Care.

Animals {#sec2-2}
-------

Forty-two healthy adult male Sprague-Dawley rats (220--250 g) were purchased from the animal center at Wuhan University, Hubei, China.

Myocardial infarction model preparation {#sec2-3}
---------------------------------------

The rats were injected intraperitoneally with PRE-084 or saline (Santa Technology Co., Ltd., USA; dissolved in normal saline 1 mg/kg). One hour later, ischemia was induced by ligation at the left anterior descending coronary artery. Rats were subjected to 30 min of myocardial ischemia and 24 h of reperfusion. Successful reperfusion was defined as recovery of the elevated ST segment. Rats were randomized into three groups with computer (*n* = 14 for each group): (1) the sham group, in which rats underwent identical surgical procedures but without occlusion of the coronary artery; (2) the I/R group, ischemia was induced in the rats for a period of 30 min; and (3) the PRE-084 group (I/R + PRE-084 1 mg/kg).

Hemodynamics {#sec2-4}
------------

The maximal velocity of left ventricular pressure development (LV ± dp/dt), left ventricular systolic pressure (LVSP), and left ventricular end-diastolic pressure (LVEDP) were measured through a polyethylene-50 tube that was advanced into the left ventricle through the right carotid artery and connected to a multichannel physiological monitoring system (Biopac MP150) 24 h after reperfusion.

Apoptotic assessment {#sec2-5}
--------------------

The terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was used to analyze the degree of myocardial apoptosis according to the manufacturer\'s protocol;\[[@ref13]\] there were five rats in each group. To briefly summarize, the TUNEL reaction mixture was added to each sample. The slides were then incubated and washed with phosphate-buffered saline followed by fixation in freshly prepared 4% paraformaldehyde (pH 7.4).\[[@ref14]\] 3-3' diaminobenzidine staining and hematoxylin and eosin restaining were performed. Stained slides were viewed under a light microscope. The apoptotic index was defined as the percentage of apoptotic cells out of the total number of myocardial cells.

Western blotting analyses {#sec2-6}
-------------------------

Western blotting analyses were performed in five randomly selected rats from each group according to routine protocols. Briefly, the cardiac tissue from the left ventricle was homogenized in tris-buffered saline and then centrifuged at 12,000 bpm for 5 min at 4°C. Protein concentrations were determined using the bicichoninic acid assay (Pierce Chemical, USA). Equal amounts of protein were loaded onto sodium dodecyl sulfate (SDS)-polyacrylamide gel, underwent electrophoresis, and were finally transferred to polyvinylidene difluoride membranes (Merck Millipore, Burlington, Massachusetts, USA). The membranes were blocked with a 5% bovine serum albumin buffer at room temperature for 1 h and incubated with primary antibodies at 4°C overnight. After washing three times with Tris buffered saline Tween 20, the membranes were incubated with secondary antibodies (Santa Cruz, California, USA) for 30 min at 37°C.

Protein signals were detected with a chemiluminescent system; expression levels of the proteins were compared to the control based on the relative intensities of the bands, which were determined using an image analyzer (AlphaEaseFC; Genetic Technologies, Inc.; Miami, Florida, USA).

Statistical analysis {#sec2-7}
--------------------

The statistical analysis was performed using SPSS 19.0 software (SPSS Inc., USA). Data were described as means ± standard deviations (SD). The basis of homogeneity of variance was evaluated by a one-way analysis of variance (ANOVA); multiple comparisons between the groups were performed using the Student-Newman-Keuls method, witha *P* \< 0.05 considered statistically significant.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Effect of PRE-084 on cardiac function {#sec2-8}
-------------------------------------

To assess the effect of PRE-084 on cardiac function, hemodynamic parameters such as LVEDP, LVSP, and LV ± dp/dt were measured. Compared with those in I/R group, LV ± dp/dt (+*F* = 92.4, −*F* = 36.2, *P* \< 0.01) and LVSP (*F* = 62.6, *P* \< 0.01) significantly increased in the PRE-084 group. LVEDP (*P* \> 0.05) was not significantly changed between the two groups \[Figure [1a](#F1){ref-type="fig"}--[1d](#F1){ref-type="fig"}\].

![Effect of PRE084 on hemodynamic and left ventricular functions after I/R injury in rats. (a) Maximal positive rate of the left ventricular pressure (+LV dp/dt); (b) maximal negative rate of the left ventricular pressure (−LV dp/dt); (c) LVSP; and (d) LVEDP. The values are expressed as mean ± standard error; *n* = 14 in each group; \**P* \< 0.01 versus sham group; ^†^*P* \< 0.01 versus I/R group. I/R: Ischemia/reperfusion; LV: Left ventricular; LVEDP: Left ventricular end-diastolic pressure.](CMJ-131-539-g001){#F1}

Effect of PRE-084 on myocardial cell apoptosis {#sec2-9}
----------------------------------------------

The TUNEL assay was used to assess the effect of PRE-084 on myocardial apoptosis during I/R injury. PRE-084 treatment significantly decreased the degree of myocardial apoptosis in the PRE-084 group (as measured by percentage of apoptotic cells) compared with that of the I/R group (*F* = 86.0, *P* \< 0.01; [Figure 2](#F2){ref-type="fig"}).

![PRE084 reduced apoptosis following myocardial I/R in rats. (a) Sham group; (b) I/R group; (c) I/R + PRE084 group. (d) Values presented as mean ± standard error; *n* = 5 in each group; \**P* \< 0.01 versus sham group; ^†^*P* \< 0.01 versus I/R group. I/R: Ischemia/reperfusion.](CMJ-131-539-g002){#F2}

Effect of PRE-084 on Akt and endothelial nitric oxide synthase {#sec2-10}
--------------------------------------------------------------

The expression of phosphorylated protein kinase B (p-Akt) (Ser473) and endothelial nitric oxide synthase (p-eNOS) (Ser1177) was assessed to explore the mechanisms underlying the cardioprotective effects of PRE-084. Phosphorylation levels of Akt and eNOS decreased significantly in I/R group compared with the sham group (*P* \< 0.01). PRE-084 treatment led to significantly increased expression of p-Akt (*F* = 131.7, *P* \< 0.01) and p-eNOS (*F* = 196.4, *P* \< 0.01) in the PRE-084 group compared with those in the I/R group \[Figure [3a](#F3){ref-type="fig"} and [3b](#F3){ref-type="fig"}\].

![The effect of PRE-084 on protein expression in heart in different experimental groups. (a) Akt, p-Akt; (b) eNOS, p-eNOS; and (c) Bcl-2, Bax, cleaved-caspase3. Protein expressions are normalized with β-actin. All the values are expressed as mean ± standard error; *n* = 5 per group; \**P* \< 0.01 versus sham group; ^†^*P* \< 0.01 versus I/R group. I/R: Ischemia/reperfusion; eNOS: Endothelial nitric oxide synthase; p-eNOS: Phosphorylated eNOS.](CMJ-131-539-g003){#F3}

Effect of PRE-084 on cleaved caspase-3 and Bax and Bcl-2 protein expression {#sec2-11}
---------------------------------------------------------------------------

Caspase-3, Bcl-2, and Bax are the most important factors in the regulation of apoptosis. We assessed their expression levels to determine the potential mechanism. Compared with the sham group, Bcl-2 protein expression was significantly decreased (*F* = 37.2, *P* \< 0.01) and Bax protein expression was significantly increased (*F* = 75.7, *P* \< 0.01), with the Bcl-2/Bax ratio significantly reduced in the I/R group (*P* \< 0.01); PRE-084 pretreatment restored most of the changes as illustrated in [Figure 3c](#F3){ref-type="fig"} (*P* \< 0.01).

Compared with the sham group, the expression of cleaved caspase-3 significantly increased in the I/R group (*P* \< 0.01) and significantly decreased in the PRE-084 group compared with the I/R group (*F* = 44.7, *P* \< 0.01).

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Our study showed that PRE-084 protected the heart by reducing myocardial I/R injury in rats, as proved by preserved cardiac function and reduced myocardial apoptosis. Our data suggest that this occurs via changing the expression of apoptosis-related proteins (Bcl-2 and Bax) after activating the Akt-eNOS pathway.

Apoptosis is the major pathogenic mechanism of myocardial I/R injury.\[[@ref15][@ref16]\] Since myocardial cells are nonregenerative, apoptosis may cause myocardial dysfunction, which surfaces during ischemia and then is aggravated after reperfusion.\[[@ref17]\] In the present study, the TUNEL assay clearly demonstrated that myocardial apoptosis was increased after IR injury, and that PRE-084 reduced its extent.

The mechanism through which IR injury increases myocardial cell apoptosis is not clear. The Bcl-2 gene family is recognized as containing the most important set of genes with respect to mediation of apoptosis.\[[@ref18][@ref19]\] Bcl-2 is a protein that inhibits cell apoptosis, while Bax is a protein that promotes cell apoptosis. Accordingly, increases in the Bcl-2/Bax ratio decrease the level of apoptosis. Caspase-3 is a major factor in the activity of the apoptotic pathway and is involved in the final step of the apoptotic process; it is also responsible for the cleavage of many other apoptotic proteins.\[[@ref20]\] The important role of caspases in the apoptotic process makes them a potential target for antiapoptotic treatments.\[[@ref21]\]

In the present study, PRE-084 upregulated the expression of Bcl-2 protein while downregulating the expression of Bax and caspase-3 proteins, thereby increasing the ratio of Bcl-2 to Bax. These findings suggest that PRE-084 may decrease IR-induced apoptosis of myocardial cells by upregulating Bcl-2 expression and downregulating Bax and caspase-3 expression.

We further investigated the molecular mechanisms of the cardioprotective effects of PRE-084. Studies have shown that some signaling molecules have the function of upstream apoptotic regulation during myocardial reperfusion injury.\[[@ref22][@ref23]\] The PI3K/Akt/eNOS pathway is the most important pathway for apoptotic regulation.\[[@ref14][@ref24][@ref25]\] Activation of Akt restrains GSK-3β, which inhibits mitochondrial permeability transition pore opening, a primary step for apoptotic and necrotic cell death.\[[@ref26][@ref27]\] On the other hand, activation of eNOS by Akt generates NO and activates mitochondrial KATP channels in a cGMP-dependent manner, leading to acute cardioprotection.\[[@ref27]\] It has been shown in a previous study that stimulating σ1R can activate Akt and eNOS in the heart, while ERK1/2 and PKC-α phosphorylations were not obviously changed.\[[@ref12]\] In the present study, levels of p-Akt and p-eNOS were significantly reduced after IR injury. PRE-084 treatment significantly increased the expression of p-Akt and p-eNOS, suggesting that PRE-084 protects the heart by activating the Akt-eNOS pathway.

Study limitations {#sec2-12}
-----------------

Our study has limitations. First, in our study, the animals were pretreated with PRE-084 before MI, which did not mimic the clinical setting, in which drugs would be administered after MI (in most cases, just before reperfusion). Second, previous studies have shown that PRE-084 can protect the heart by stimulating the σ1R in brain, which may also contribute to a certain extent to the cardioprotective effects shown in our study. Finally, σ1R interactions with ion channels, including Ca^2+^ channels, potassium channels, sodium channels, and chloride channels. These molecular mechanisms may also contribute to its myocardial protective effects.

In conclusion, these findings suggest that PRE-084 reduces apoptosis and improves cardiac function following reperfusion via activation of the Akt-eNOS signaling pathway. The results of this study reveal that PRE-084 may be a promising candidate for the treatment of myocardial I/R injury in ischemic heart diseases.
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